Abstract: With the rapid development of wind energy, relay protection for large-scale wind farms has been attracting some researchers, due to the absence of standards. Based on the large-scale doubly fed induction generator (DFIG)-based wind farms located in Gansu Province, China, this paper studies the differential protection for the outgoing power transformer of large-scale DFIG-based wind farms. According to the equivalent circuit of the power grid integrated with wind farms, the main frequency components of current and voltage during faults are identified mathematically and then verified by simulations. The results show that the frequencies of current and voltage at the terminals of outgoing transmission lines are inconsistent. Following the feature of frequency inconsistency, the adaptability of differential protection is analyzed, and it is found that differential protection for an outgoing transformer in large-scale wind farms may fail once ignoring the frequency inconsistency. Simulation studies demonstrate that inconsistent frequency characteristics will deteriorate the sensitivity and reliability of differential protection. Finally, several suggestions are provided for improving the performance of relay protections for large-scale DFIG-based wind farms.
Introduction
Wind power has been recognized as one of the most cost-efficient sources of renewable energy [1] . Along with the rapid development of wind turbines, the capacity of a wind farm connected to the power grid is becoming larger and larger. Different technologies regarding utilizing wind energy reliably and efficiently have been studied and developed [1, 2] . Additionally, relay protection related to wind turbines and wind farms is a key technology for safe and stable operation of power systems with wind farms. With regard to the setting of relay protection in small-scaled wind farms, the short-circuit current produced by wind turbines during grid faults is always ignored for its insignificant effect on the relay protection; however, it cannot be neglected for a large-scale wind farm, which consists of hundreds of wind turbines. The structure of a typical large-scale DFIG-based wind farm integrated with a power system is shown in Figure 1 . When a fault occurs, the frequency of short-circuit current differs from the voltage frequency, which will generate negative effects on traditional transmission relay protection, which gives tacit consent to the uniformity of frequencies of current and voltage [3, 4] . Ignoring this short-circuit current will reduce the reliability of its relay protection due to the dynamic behavior of a DFIG-based wind turbine during the period of faults. 
Outgoing transformer
The DFIG-based wind turbine is widely equipped in large wind farms because of its variable rotor speed operation and active and reactive power decoupling control. In order to avoid damage brought by over currents, a rotor-crowbar is required to be quipped for every DFIG to divert current from the rotor-side converter and de-energize the rotor during grid faults [5] . The stator windings of the wound-rotor induction generator are connected to the grid, while the rotor windings are connected to a bidirectional power electronic converter. With a rotor-crowbar, DFIG behaves differently during the period of fault. When voltage sags, the crowbar short-circuits the rotor to protect the converter and the system operating asynchronously. In such a situation, the DFIG is not controlled by the machine-side converter [6] . Short-circuit models for DFIG-based wind turbines have been proposed [7] [8] [9] , and power system operation with wind farms has also been studied extensively for issues, such as forecasting [10, 11] , power control [1, 12] , grounding [13, 14] and fault ride through [15] [16] [17] . However, there are still no standardized protection schemes for wind farms, such as those practiced for the protection of conventional generation plants [18] .
Some researchers have already studied the relay protection on wind farms. Sarajcev and Goic [19] performed a survey on several important issues, particularly focuses on lightning-initiated surges, for the selection of modern wind farms' over-voltage protection. To prevent maloperation, the setting points of different zones of distance relays change simultaneously with the variation of the wind farm's condition. Sadeghi [20] developed an adaptive unit that adjusts the distance relay's trip characteristic using artificial neural networks with local information. The influences of flexible alternating current transmission system (FACTS) devices on distance relay protection are analyzed in [21] , and the Prony method is deployed to improve the constant pickup values based on conventional digital filters [22] . The Prony method is also adopted in [4] to analyze the frequency component of the measured electrical parameters, and the authors utilize a time-domain algorithm based on a differential equation model of a transmission line, which can avoid the frequency issues in distance protection. Since power transformers are extremely important, various protection techniques have been developed [23, 24] , and differential protection is a commonly used one. Based on the analysis of a transient process using discrete wavelet transformers, an adaptive percentage differential protection is designed for power transformers in [25] . Aiming at the differential protection for a wind farm's outgoing transformer, Zhang et al. [26] have uncovered that relay protection on the outgoing transformer with traditional setting values cannot operate correctly, and the failures could be affected by several factors, such as generator type, fault location, fault type and short circuit capacity ratio. This paper studies the differential protection for the outgoing power transformers in large-scale DFIG-based wind farms connected to the power grid. The network and capacity of the DFIG-based wind farms studied in this paper are based on real wind farms located in Gansu Province in China. We assume that the rotor-crowbar is activated during a short-circuit fault based on the requirement of low-voltage ride through [27, 28] . The main contributions of this paper include: (1) the fault behavior of crowbar-protected DFIG-based wind turbines integrated with a power grid is analyzed thoroughly to identify the frequency components of short-circuit current and voltage, which shows the fact that there exists frequency inconsistency for large-scale DFIG-based wind farms integrated with a power grid during faults; (2) following the inconsistent frequency characteristics of the currents, the adaptivity of traditional differential protection on outgoing transformers of large-scale DFIG-based wind farms is investigated and demonstrated with simulations; and (3) several suggestions on improving the reliability of differential protection for large-scale wind farms are proposed.
The rest of the paper is organized as follows. The fault behavior of large-scale DFIG-based wind farms integrated with a power grid is investigated in Section 2, which will show the existence of frequency inconsistency. Following the frequency inconsistency during faults, the adaptivity of differential protection on an outgoing transformer is analyzed in detail in Section 3. Additionally, suggestions on improving the reliability of relay protection in wind farms are provided in Section 4. Finally, conclusions are summarized in Section 5.
Fault Behavior of Doubly Fed Induction Generator-Based Wind Farms
Since the worst type of short-circuit is a three-phase short-circuit. Here, we take a three-phase symmetric short-circuit as the analyzing case. Other types of short-circuits can be processed similarly.
Crowbar-Protected Doubly Fed Induction Generator-Based Wind Turbines' Response to Fault
During the period of grid faults, DFIG wind turbines respond in an asynchronous machine operating mode. Morren et al. [8] analyzes the behavior of a crowbar-protected DFIG and derives the approximate equations that can be used to determine the short-circuit current contribution of the turbine. The equivalent circuit of the induction machine for transient analysis can be simplified as shown in Figure 2 , in which all of the parameters are reduced to the stator side. Additionally, i s and i r represent the current of the stator and rotor, respectively; R s and R r represent the resistance of the stator and rotor, respectively; ψ s is the flux of the stator and ψ r is flux of the rotor; L sσ and L rσ are the leakage inductance of the stator and rotor, respectively; v s and v r are the terminal voltage of the stator and rotor, respectively; L m is the mutual inductance of DFIG; ω s and ω r represent the rotational speed of stator and rotor, respectively. When the voltage v s has an angle α+ π 2 with respect to Phase a at the moment the fault occurs, the short-circuit current of Phase a contributed by a DFIG-based wind turbine can be calculated as:
where parameters σ, T s and T r are calculated as: These above equations are achieved with the assumption that the rotor rotates synchronously with the synchronous rotational speed. Actually, the stator short-circuit frequency is determined by the rotor's rotational speed at the moment when the short-circuit occurs.
According to Equation (1), the stator short-circuit current consists of the following two parts:
(1) damping direct current (DC) component
T s cos α in the stator current.
(2) damping alternating current (AC) component
T r cos (ω s t + α) in the stator current with a frequency that is determined by the rotor's rotational speed.
Grid Response to Fault
The short-circuit current contributed by the grid can be presented with the short-circuit current on Phase a:
where A, B, T s are determined by the network parameters, ω 0 is the frequency of the power grid and θ is determined by the current phase when the fault occurs. It is straightforward that the short-circuit current provided by the grid can be separated into two parts:
(2) undamped AC component B cos(ω 0 t + θ) with the grid frequency.
Frequency Characteristics of Short-Circuit Current and Voltage
It has been shown that the frequency of the short circuit current of DIFG during the low-voltage ride-through period deviates from the fundamental frequency according to the operating conditions before the fault [26] . To calculate and analyze the frequency of short-circuit current and voltage, the equivalent circuit network of Figure 1 is given in Figure 3 , where Z d refers to the impedance of the components between DFIG and the outgoing transformer, Z g refers to the impedance of the components between the grid and the high voltage transmission line and Z 1 and Z 2 refer to the impedance of the two sizes of transmission line that are separated by the fault. As shown in Figure 3 , the overall equivalent circuit network in Figure 3a can be divided into two parts, Figure 3b ,c. Additionally, Points A and B are positions to measure the current and voltage values for analysis. We can calculate the current and voltage in these two networks, respectively, and finally add them together to get the result. Wind farm
Wind farm
In the network, we assume that Z d is much larger than others and Z g is much smaller than others, based on the fact that Z d represents the components on the lowest voltage level and Z g represents the components on the highest voltage level. Thus, |I g2 | |I d1 |. According to Section 2.1 and 2.2, I d1 consists of a damping DC component and a damping AC component in the frequency f r (rotor frequency), while I g2 consists of a damping DC component and a constant AC component in the frequency f 0 (grid frequency). According to Figure 3 , the following voltage and current equations can be deduced based on Kirchhoff's Law.
Substituting Equation (7) into Equation (3), we have:
Assume R g is large enough. Substituting Equation (8), Equation (9) and Equation (12) into Equation (5), we have:
Assume R g is close to zero; we have:
Substituting Equation (7), Equation (10) and Equation (11) into Equation (6), we have:
Substituting Equation (8) into Equation (4), we have:
Therefore, it can be concluded that the main frequency component of I d is determined by R g . Since relay protection cares about the AC components of fault current, we neglect the DC components in the following sections.
To summarize, the frequency characteristic of short-circuit current and voltage on the transmission line is concluded in Table 1 . Table 1 . The analyzed main frequency of the short-circuit current and voltage.
Parameters R g close to 0 R g not close to 0
In the following subsection, this result will be verified by simulations and a more explicit relationship between R g , and the fault current's frequency characteristics will also be demonstrated.
Simulation Analysis on Frequency Inconsistency
In MATLAB/Simulink, we build the simulation mode of a wind farm integrated with the power grid located in Gansu Province in China, as shown in To study the frequency inconsistency discussed in the last subsections, the size of the wind farm is selected as 138 × 1.5-MW DIFG-based wind turbines. A three-phase fault occurs on the transmission line at the terminal of the outgoing transformer, and the DFIG rotor's rotational frequency is 35 Hz, with the grid frequency maintains at 50 Hz. Different values of R g have been adopted in the simulation to observe the characteristics of short-circuit current and voltage. To study the magnitude of current and voltage with different frequencies clearly, fast Fourier transformation (FFT) is deployed to analyze I d , I g , U d and U g for the cases of R g = 0 Ω, R g = 10 Ω and R g = 100 Ω in the interval of 0.2 s after the fault occurred. The results are shown in Table 2 . The results in Table 2 demonstrate that the main frequency component of the current I g and voltage U g at the transmission line terminal near the grid side is always 50 Hz whatever the size of transition resistance R g is. However, for the the current I d and voltage U d at the transmission line terminal near the DIFG-based wind farm side, when transition resistance R g = 0 Ω, the main frequency component is 35 Hz. As the size of the transition resistance R g increases, the amount of the 50-Hz frequency component of U d increases more than that of I d . In the case of R g = 100 Ω, the main frequency component of all I d , I g , U d and U g is 50 Hz. By comparing the FFT analysis result in Table 2 with the analyzing result in Table 1 in the last subsection, one can find that the simulation results are consistent with the mathematical analysis results. This proves that there exists frequency inconsistency during the period of outgoing transmission line fault occurring in the power grid integrated with the DFIG-based wind farm.
To study how the capacity of a wind farm affects the frequency inconsistency, a simulation is implemented with the same wind farm-integrated power grid with different numbers of wind turbines. In this simulation, the number of wind turbines is reduced to 69 from 138. The results are given in Table 3 . One can see that when the capacity of the wind farm decreases, the main frequency component of I d changes very little, while I g , U d and U g have a lesser amount of the 35-Hz component. 
Adaptability of the Differential Protection

Differential Protection
Typical differential protection for outgoing transformers consists of three parts, including percentage differential protection, second harmonic restraint protection and over-current differential protection. The logical relationship of the protections is depicted in Figure 5 . 
Percentage Differential Protection
The classic operating criteria for percentage differential protection [23, 26] can be expressed as the following equations and inequalities. where different current (also called operating current), I op , is obtained as the phase sum of currents entering the protection element I 1 and I 2 , I op.0 is the threshold for avoiding maloperation when the restraint current I res is close to zero, I res.0 is the minimal restraint current and k is called the constraint coefficient, which could be set to a value between zero or one. The criteria given in Equation (18) can be depicted as in Figure 6 . The protection operating region is the shadow area where the inequalities of criteria Equation (18) 
Second Harmonic Restraint Protection
Any transient in the transformer circuit can generate inrush current. For example, when a transformer is energized, a large inrush current accompanied by a non-ignorable second harmonic wave would be drawn by the transformer. In order to prevent the protection from maloperation, the second harmonic wave restraint protection is employed in differential protection for the outgoing transformer.
The criteria of the second harmonic wave restraint protection is defined as:
where I 2 refers to the amplitude of the second harmonic component (100 Hz) in the differential current, while I 1 refers to the amplitude of the fundamental frequency component (50 Hz). By comparing the real-time value of K with a setting value, it can be detected if a real fault occurs or not.
Over-Current Differential Protection
Over-current differential protection is applied to clear faults. Its setting value should be larger than both the inrush current of the transformer and the transient unbalanced current resulting from external faults.
Adaptability Analysis
For differential protection, the magnitudes of current and voltage vectors are usually processed by Fourier transformation. Fourier transformation analysis on power systems usually takes the grid frequency as its fundamental frequency. Therefore, the magnitudes of any inharmonic waves fluctuate with time. If I d and I g steadily stay with grid frequency, the values of I op and I res remain constant, and thus, the protection performs well. However, when transmission line faults, that is, the typical ground faults discussed here, occur in a large wind farm, especially for those grounded with low resistance, the short-circuit current contributed by DFIG wind turbines deviates from grid frequency, which may result in failures of the differential protection.
These negative influences on the mentioned three parts of differential protection will be analyzed respectively.
Influences on Percentage Differential Protection
Zhang et al. [4] has pointed out that the amplitude of the current with frequency differing from the fundamental frequency fluctuates with time when it is processed by the Fourier transformation. Therefore, when the fault current's frequency deviates, the differential current and the breaking current go across each other, which results in the delay of protection. To observe this effect straightforwardly, a simplified model with two signals, i 1 = 5 sin 70πt and i 2 = 10 sin 100πt, is used for simulation here. The simulation result in Figure 7 shows that both I op and I res fluctuate with time and intersect with each other periodically, which significantly deteriorates the reliability of protection. 
I op I res
To further study the adaptivity of the percentage differential protection in DIFG-based wind farms integrated to power grid, a large-scale wind farm containing 200 ×1.5-MW DFIG-based wind turbines integrated with a power grid was built and simulated in MATLAB/Simulink. The simulation result is shown in Figure 8 . The arrows in Figure 8 indicate the varying trajectory of differential current. It shows that the inconsistent frequency feature of I g and I d during faults has a negative impact on the percentage differential protection. The trajectory crosses the operation action line back and forth several times, which reflects the unreliability and low sensitivity of the protection. It should be noted that most of the parameters in the simulation are set to meet the worst situation to observe the negative effect. For example, zero resistance fault occurs at the terminal of the transmission line near the wind turbines, which means that the frequency inconsistency reaches its maximum. However, although the studied scenario is some extreme case with worse parameters, it should be considered for protection design in practical DFIG-based wind farms.
Influences on Second Harmonic Restraint
To simplify the problem, we ignore the DC component in the current and assume that its amplitude does not decrease with time. The wind farm side current is described as a sine wave signal with amplitude one and frequency ω r :
The grid side current with amplitude A and frequency ω r is described in the following expression.
Additionally, the the differential current is:
By taking ω s as the fundamental frequency and doing a Fourier transformation to i op , we can get the following two second harmonic components of the differential current: Finally, the second harmonic component can be obtained by adding the two parts together:
where λ = ωr ωs . Similarly, the amplitude of fundamental wave can be calculated in the same way. Therefore, we can get K according to Equation (19) .
A similar simulation system as described in Section 2.4 was built in MATLAB/Simulink. The number of wind turbines is selected as 150; the slip ratio is set to 0.3; the setting value of second harmonic restraint is 0.12; and a three-phase grounding fault occurs at 0.505 s. The simulation result is shown in Figure 9 . At the instant the fault occurs, the values of K for all three phases are larger than the setting value, and then, the protection is blocked. Until the instant of 0.522 s, all of the values of K decrease and are smaller than the setting value. This means that the percentage differential protection remains blocked from 0.505 s to 0.522 s, and it will not respond to faults, whether the action condition is met or not. That is to say, the operating action is delayed about 17 ms. The first wave trough
Another observation based on the simulation result given in Figure 9 is that whether the protection would be unblocked successfully depends on the minimum K at the first wave trough. If the values of K at the first wave trough are still larger than the setting value, the protection will remain blocked, and the action instant of protection will be delayed more. Therefore, there is a need to study the impacts of the minimal value of K, i.e. K min , on the protection. For A ∈ [1.2, 3] and λ ∈ [0.5, 3.5], according to Equation (24) , Figure 10 can be obtained. According to Figure 10 , for a constant λ, K min increases, while A decreases; for a constant A, K min becomes smaller when λ gets closing to one or three. Normally, the value of λ is in the range [0.7, 1.3] for a practical DFIG-based wind farm. This means that the larger capacity the wind farm owns and the more current frequency deviates from the power frequency, the larger K min is, which indicates the larger possibility for the protection to be delayed. Moreover, it can be concluded that when DFIG operates at a super-synchronization speed, i.e., λ > 1, a more significant negative effect on relay protection could be brought.
Influences on Over-Current Differential Protection
When ω r = ω s , the maximum value of differential current equals 1 + A. When ω r = ω s , the differential current fluctuates. For over-current differential protection, we are concerned with the maximum amplitude of the current only. Given that A = 1.5, the maximum amplitude of the differential current with respect to λ is illustrated in Figure 11 . It is clear according to Figure 11 that, for a fixed constant A, when λ fluctuates in a small range around one, the amplitude of the differential current increases and exceeds 2.5, which means that the over-current differential protection is even more sensible. When the derivation of the current frequency keeps growing, i.e., the frequency ratio λ keeps deviating by one, the sensibility of the over-current differential protection falls.
Improving the Reliability of Relay Protection in Wind Farms
According to the analysis and discussion in the last two sections, there are four main factors that affect the reliability and sensibility of protections in large-scale wind farms: (1) the capacity of the wind farm; (2) the frequency deviation; (3) the transition impedance; and (4) the types of short-circuits. In this section, a conclusion about how these factors affect the relay protection and the ways corresponding to improving the reliability of the protection will be provided.
Factors Affecting the Reliability of Relay Protection
Types of Short-Circuits
Relevant values of differential current and restraint current are employed to make comparisons for percentage differential protection. For different types of short-circuits, the differential current and restraint current increase or decrease simultaneously. This leads to less impact on the percentage of differential protection. A similar conclusion can be drawn to the second harmonic restraint protection. However, since the over-current differential protection is to compare the absolute maximum amplitude of the differential current with a setting value, the three-phase short-circuit can generate the largest amplitude of short-circuit current, which can activate the relay operation much more easily.
Transition Impedance
According to the analysis in Section 2.3 and the demonstration in Section 2.4, a smaller transition impedance leads to a larger percentage of the frequency deviation component of the short-circuit current. Therefore, when a fault occurs with a transition impedance that cannot be ignored, such as non-metal-grounding, the main frequency component of the short-circuit current is fundamental frequency. In such a case, the Fourier transformation can extract the components more precisely because of the lesser second harmonic component, and more reliable protection can be achieved.
Wind Farm Capacity and Frequency Deviation
The wind farm's capacity depends on the number of DFIG-based wind turbines connected to the gird, and the frequency deviation depends on the DFIG's operating condition at the instant a fault occurs. We have demonstrated in Section 2.4 that the smaller capacity of wind farms does not change the frequency deviation of short-circuit current near the terminal of the wind farm side. To observe how the wind farm capacity and frequency derivation affect the second harmonic restraint protection, the relationship between the time delay of protection with the short-circuit capacity ratio of the wind farm, which is defined as the wind farm's short-circuit capacity divided by the grid's capacity, and the slip ratio of DFIG is plotted in Figure 12 , where the setting value of the second harmonic restraint protection is selected as K = 0.12.
From Figure 12 , we can see that for a constant slip ratio of the DFIG, a larger wind farm capacity results in a longer protection time delay. A DFIG operated at a super-synchronous speed can cause a longer protection time delay than a sub-synchronous speed. The reason lying behind, for the same absolute slip ratio, is that the minimal second harmonic ratio K of super-synchronous operation is much larger than the one for sub-synchronous operation. Another observation is that mutation time delays happens. This is because the second harmonic restraint value K is larger than the setting value 0.12 at the first wave trough. Additionally, the protections will be blocked until the value of K is smaller than the setting value 0.12 at the second wave trough. 
Suggestions
According to the analysis of the factors affecting the reliability of relay protection, several suggestions on improving the reliability of the protections in wind farms are provided as follows.
(1) Increasing the setting value of the second harmonic restraint protection: Increasing the setting values of K from 0.12 to 0.15, the similar relationship between the time delay of the protection with the DFIG's slip ratio and the short-circuit capacity ratio can be plotted as shown in Figure 13 . Comparing the results given in Figures 12 and 13 , it is clear that the time delay is shortened when the setting value of K is increased. Therefore, the reliability of the protection can be improved by increasing the setting value of the second harmonic restraint protection suitably.
(2) Decreasing the setting value of the over-current differential protection: With the same simulation system for Figure 9 , different setting values of the over-current differential protection are selected, and the simulation results are shown in Figure 14 , in which I e is the rated current of the outgoing transformer. As can be seen from the figure, the over-current differential protection would not be activated when the setting value equals 7I e . As the setting value decreased to 5I e , the over-current differential protection would be activated with a 15-ms delay after the fault occurs. According to the analysis in the last subsection, DFIG-based wind turbines operated in a super-synchronous mode could deteriorate the reliability of the relay protection, while a sub-synchronous one brings much less pressure to relay protection. Therefore, constraining the slip ratio of the DFIGs in a suitable range can improve the reliability of the differential protection for wind farms.
Conclusions
Crowbar-protected DFIG wind turbines can provide a short-circuit current in the frequency related to their operating conditions in the case of an outgoing transmission line fault occurring. This paper analyzes the frequency characteristics during faults and verifies that, because of the frequency inconsistency, constraint current and differential current fluctuate wildly, which could lead to the incorrect operation of the differential protection. To improve the reliability of the differential protection, several suggestions on how to improve the reliability of the protections in large wind farms are presented. The analysis results and suggestions provided in this paper can be referred to for a relay protection design for DFIG-based wind farms. Additionally, the analysis technique regarding the frequency inconsistency during faults can be employed for other protections for wind farms, such as distance protection.
To simplify the study, we assume that all of the wind generators in the wind farm are identical. However, typically wind generators in a large-scale wind farm are highly diversified, and the individual wind farm protection schemes will activate at different time frames. In our future work, attention will be paid to this aspect.
